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Microalgae research is gaining momentum because of their potential biotechnological applications, including the 
generation of biofuels. Genome sequencing analysis of two model microalgal species, polar free-living Coccomyxa sp. 
C-169 and symbiotic Chlorella sp. NC64A, revealed insights into the factors responsible for their lifestyle and unravelled 
biotechnologically valuable proteins. However, genome sequence analysis under-explored cytochrome P450 monooxy-
genases (P450s), heme-thiolate proteins ubiquitously present in species belonging to different biological kingdoms. In 
this study we performed genome data-mining, annotation and comparative analysis of P450s in these two model algal 
species. Sixty-nine P450s were found in two algal species. Coccomyxa sp. showed 40 P450s and Chlorella sp. showed 29 
P450s in their genome. Sixty-eight P450s (>100 amino acid in length) were grouped into 32 P450 families and 46 P450 
subfamilies. Among the P450 families, 27 P450 families were novel and not found in other biological kingdoms. The new 
P450 families are CYP745-CYP747, CYP845-CYP863, and CYP904-CYP908. Five P450 families, CYP51, CYP97, CYP710, 
CYP745, and CYP746, were commonly found between two algal species and 16 and 11 P450 families were unique to Coc-
comyxa sp. and Chlorella sp. Synteny analysis and gene-structure analysis revealed P450 duplications in both species. 
Functional analysis based on homolog P450s suggested that CYP51 and CYP710 family members are involved in mem-
brane ergosterol biosynthesis. CYP55 and CYP97 family members are involved in nitric oxide reduction and biosynthesis 
of carotenoids. This is the first report on comparative analysis of P450s in the microalgal species Coccomyxa sp. C-169 
and Chlorella sp. NC64A. 
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INTRODUCTION
Green algae belonging to the phylum Chlorophyta 
consist of microorganisms adapted to diverse ecological 
niches. Green algae are photosynthetic in nature and it is 
estimated that more than one billion years ago terrestrial 
plants emerged from these organisms (Heckman et al. 
2001). These organisms played a key role during the evo-
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MATERIALS AND METHODS
The genomes of Coccomyxa sp. C-169 and Chlorella sp. 
NC64A have been sequenced and their genome sequence 
data are available for public use (Blanc et al. 2010, 2012). 
Genome data mining of P450s in the two species was car-
ried out as described elsewhere (Kgosiemang et al. 2014, 
Syed et al. 2014). Briefly, the proteomes of these species 
were downloaded from the respective databases: http://
genome.jgi.doe.gov/Coc_C169_1/Coc_C169_1.home.
html (Coccomyxa sp. C-169) and http://genome.jgi-psf.
org/ChlNC64A_1/ChlNC64A_1.home.html (Chlorella sp. 
NC64A) and subjected to the NCBI Batch Web-search tool 
(Marchler-Bauer et al. 2011). Proteins that were grouped 
under the P450 superfamily were selected and analysed 
for the presence of P450 family signature motifs, namely 
the heme-binding motif (EXXR) and oxygen-binding mo-
tif (CXG). The proteins that showed both motifs were sub-
jected to blast analysis against all named Protista P450s at 
the Cytochrome P450 Homepage (Nelson 2009). Families 
and subfamily names were assigned following the stan-
dard rule set by the International P450 Nomenclature 
Committee, i.e., >40% sequence identity for assigning 
family and >55% sequence identity for subfamily (Nelson 
et al. 1993, Nelson 1998, 2006). The P450s that showed 
less than 40% identity to known P450s were submitted to 
Prof. David R Nelson, University of Tennessee Health Sci-
ence Centre, Memphis, Tennessee, USA for assigning new 
P450 families. The annotation for some P450s in these or-
ganisms was available at the Cytochrome P450 Homep-
age (Nelson 2009). In this case we assigned protein IDs 
to the annotated P450s. Comparison of Cytochrome P450 
Homepage and genome databases P450 sequences re-
vealed different predictions of P450s for the same genom-
ic location. In this case, both P450s were included where 
P450s were indicated with DP in their names. 
The phylogenetic relationship of the annotated algae 
P450s was inferred as follows: first, all the P450 protein 
sequences were aligned by ClustalW2 with default pa-
rameters (http://www.ebi.ac.uk/Tools/msa/clustalw2/) 
(Larkin et al. 2007). Then the alignment was subjected 
to RAxML 7.0.4 at model PROTCATDAYHOFF with 100 
bootstrap replications for inferring the phylogenetic tree 
(Stamatakis 2006). Finally, the generated tree data were 
submitted to iTOL (http://itol.embl.de/) for displaying 
the tree (Letunic and Bork 2011).
The physical co-localization of P450 genes on the DNA 
was identified by searching the algal species genome 
database using the P450 protein ID. For each P450, its 
scaffold number, DNA strand and number of introns 
lutionary history of earth and became major players in 
global energy / biomass production and biogeochemical 
recycling (Grossman 2005, Blanc et al. 2010). Among al-
gae, research on microalgae has been intensified because 
of their enormous biotechnological potential, including 
generation of biofuels (Behera et al. 2015), phytochemi-
cals (De Jesus Raposo and De Morais 2015), cosmetics 
(Wang et al. 2015) and vaccines (Specht and Mayfield 
2014) and their use in wastewater treatment (Tiron et al. 
2015). Microalgae are also used as biomarkers for organic 
and inorganic pollution (Torres et al. 2008).
Two microalgal species, namely Coccomyxa sp. C-169 
(formerly known as Chlorella vulgaris) and Chlorella sp. 
NC64A (formerly known as Chlorella variabilis NC64A), 
are of special interest. Coccomyxa sp. is a polar free-living 
microalga, whereas Chlorella sp. is a photosynthetic en-
dosymbiont (photobiont) of the unicellular protozoan 
Paramecium bursaria (Karakashian and Karakashian 
1965). They both produce lipids and are considered po-
tential candidates for biofuel generation. Coccomyxa sp. 
is regarded as a model organism to study chromosome 
repair from irradiation (Blanc et al. 2012) and Chlorella 
sp. as a model organism to study DNA virus / algal inter-
actions (Blanc et al. 2010). Genome sequencing analysis 
of these organisms shed light on the critical aspects dis-
cussed above, including features needed for free-living 
and symbiotic lifestyles (Blanc et al. 2010, 2012). 
Genome sequencing analysis of these species (Blanc 
et al. 2010, 2012) under-explored cytochrome P450 mo-
nooxygenases (P450s), heme-thiolate proteins present in 
organisms belonging to all biological kingdoms (Nelson 
2013). P450s are known to involve organisms’ primary 
and secondary metabolic reactions. Oxidation of a wide 
variety of substrates in stereo- and regio-specific man-
ner credited these enzymes’ use in the generation of 
drugs (Ingelman-Sundberg 2004, Guengerich 2006), fine 
chemicals and cosmetics (Guengerich 2002) and biofu-
els (Zhang et al. 2011) and as biosensors (Paternolli et al. 
2004) and bioremediation agents (Guengerich 1995, Ur-
lacher and Eiben 2006). A summary of P450s’ potential 
biotechnological applications has been discussed else-
where (Syed and Yadav 2012). 
P450s belonging to different biological kingdoms, in-
cluding animals (inclusive of humans), plants, fungi, and 
bacteria, have been thoroughly investigated. Despite the 
great importance of microalgae and the potential bio-
technological value of P450s, studies on microalgae P450s 
are scarce or not reported. In this study, we performed 
comparative analysis of P450s in the two model microal-
gal species Coccomyxa sp. C-169 and Chlorella sp. NC64A. 
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RESULTS AND DISCUSSION
Genome-wide data mining and annotation of P450s in 
the two model microalgal species revealed the presence 
of 69 P450s (Table 1, Supplementary Fig. S1). Coccomyxa 
sp. and Chlorella sp. respectively showed 40 and 29 P450s 
in their genome. All of the P450s in both species were 
found to be full-length, i.e., >400 amino acids in length 
(Supplementary Fig. S1), with the exception of three 
were noted and presented in tabular form. Functional 
analysis of algal species P450s was predicted based on 
their functionally characterized homolog(s) in other or-
ganisms. Furthermore, to identify the functional role, 
algal P450s were blasted at Kyoto Encyclopedia of Genes 
and Genomes (KEGG; http://www.genome.jp/tools/
blast/) and NCBI (http://blast.ncbi.nlm.nih.gov/Blast.
cgi?PAGE=Proteins#) and their functions were predicted 
based on the best hit proteins with known function.
Table 1. Family- and subfamily-level comparative analysis of P450s in two model microalgae, Chlorella sp. NC64A and Coccomyxa sp. C-169 
P450 family Subfamily Chlorella sp. NC64A Coccomyxa sp. C-169 P450 count
CYP51 G 1 1 2
CYP55 B 1 - 1
CYP97 A 1 1 6
B 1 1 -
C 1 1 -
CYP710 B 1 1 2
CYP745 A - 1 2
C 1 - -
CYP746 A - 1 2
C 1 - -
CYP747 A 1 - 1
CYP772 C - 1 1
CYP845 A 5 - 5
CYP846 A 1 - 2
B 1 - -
CYP847 A 1 - 1
CYP848 A 1 - 1
CYP849 A 1 - 1
CYP850 A 1 - 1
CYP851 A 1 - 1
CYP852 A - 1 3
B - 2 -
CYP853 A - 1 4
B - 1 -
C - 1 -
D - 1 -
CYP854 A - 3 4
B - 1 -
CYP855 A - 1 4
B - 3 -
CYP856 A - 2 2
CYP857 A - 2 4
B - 1 -
C - 1 -
CYP858 A - 1 2
B - 1 -
CYP859 A - 1 1
CYP860 A - 1 1
CYP861 A - 1 1
CYP862 A - 1 1
CYP863 A - 1 1
CYP904 A - 1 1
CYP905 A - 1 1
CYP906 A 7 - 7
CYP907 A 1 - 1
CYP908 A - 1 1
NA - - 1 1
32 46 29 40 69
The numbers in the bottom row of the table indicate the total number of P450 families (32), subfamilies (46), P450s in Chlorella sp. (29) and Coc-
comyxa sp. (40) and total P450 count in both species (69). Short P450 of Coccomyxa sp. is included under the “not assigned (NA)’ category in the 
table.
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is grouped into 16 P450 families and 19 P450 subfamilies. 
Phylogenetic analysis of P450s is critical in assigning the 
P450 families to the proteins around 41% identity to the 
named P450s. The grouping of such P450s with named 
P450s on the phylogenetic tree plays a key role in assign-
ing the P450 families correctly. Considering this, in this 
study we performed phylogenetic analysis for algae P450s 
(Fig. 1). Evolutionary analysis of P450s in two microalgal 
species revealed P450s belonging to the same family and 
subfamilies grouped together on the tree, indicating the 
correct annotation of P450s (assigning the correct fami-
lies and subfamilies).
Analysis of P450 families revealed the presence of 
twenty-seven new P450 families in both species. The 
new P450 families are CYP745-CYP747, CYP845-CYP863, 
P450s that were >100 amino acids in length (protein IDs: 
135119, 144261, and 135118) and one short P450 of <100 
amino acids in length (protein ID: 65656) found in re-
spectively Chlorella sp. and Coccomyxa sp. (Supplemen-
tary Fig. S1). The presence of short P450s in an organism 
is quite common and these P450s are considered short / 
pseudo P450s (Nelson 2009). It is not possible to assign 
the short / pseudo P450s with less than 100 amino acids 
to the correct P450 families and hence they will be kept 
under short / pseudo P450s. For this reason, in this study 
the 68 P450s that are >100 amino acids in length (except 
the one short P450 from Coccomyxa sp.) were grouped 
into 32 P450 families and 46 P450 subfamilies (Table 1). 
The P450s of Coccomyxa sp. is grouped into 21 P450 
families and 32 P450 subfamilies and Chlorella sp. P450s 
Fig. 1. Phylogenetic analysis of Coccomyxa sp. (Coc_C169) and Chlorella sp. (ChlNC64A) P450s. Sixty-eight P450s were used in the analysis and 
CYP51 from Arabidopsis thaliana (Atha) is used as outgroup. Evolutionary history of algal P450s was performed as described in the Materials and 
Methods section. For each P450, family and subfamily, protein ID (parenthesis) and species information is shown. The symbol_DP in some P450s 
indicates two different protein predictions (genome data bases and Cytochrome P450 Homepage) for the same P450. The bootstrap values are 
shown next to each branch in the tree. 
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CYP97A P450s are involved in hydroxylation of α-carotene 
and β-carotene at β-position, whereas CYP97C P450s are 
involved in hydroxylation of α-carotene at ε-position 
(Quinlan et al. 2012, Cui et al. 2013). The CYP97 family is 
highly conserved in plants (Werck-Reichhart et al. 2002, 
Hamberger and Bak 2013) and the presence of this P450 
family in algal species suggests that divergence of this 
P450 family in autotrophs is preceded by the speciation of 
algae and plants. This suggests that CYP97 members play 
a key role in the generation of carotenoids and help al-
gae in photosynthesis. Both algal species contain CYP710 
P450s and studies have shown that CYP710A members 
are involved in sterol C-22 desaturation (Morikawa et al. 
2006), the same function CYP61 has in fungi (Kelly et al. 
1997), an important step in membrane ergosterol biosyn-
thesis. The presence of CYP55, P450nor, in Chlorella sp. 
suggests that this P450 is possibly involved in nitric oxide 
reduction (Shoun et al. 2012) and plays a key role in the 
geochemical nitrogen cycle. Also, the CYP55 catalysed de-
nitrification process is shown to contribute to cell growth 
(Tanimoto et al. 1992) by anaerobic respiration. Analysis 
of algal P450s at KEGG and NCBI did not yield any homo-
logs with significant identity. Hence it is not possible to 
predict the remaining P450s’ function in the two model 
algal species. The above information on algal P450s’ 
possible role is predicted solely based on homologs and 
further experimentation is needed to authenticate their 
role in the two model algal species’ physiology. The P450s 
function predicted in this study will at least serve as a 
future reference for assessing the substrate specificity of 
algal P450s. 
CONCLUSION
Cytochrome P450 monooxygenases (P450s) play a key 
role in organisms’ primary and secondary metabolism. 
Because of their stereo- and regio-specific oxidation ca-
pability, their use in various biotechnological applications 
has been explored. Substantial progress has been made in 
understanding the animal (including human), plant, fun-
gal and bacterial P450s in terms of their distribution, phy-
logenetic analysis and functional analysis. However, in-
formation on microalgae P450s is limited or not reported. 
This study is the first report on understanding the P450s 
in microalgae. Here we report identification, annotation 
and phylogenetic analysis of P450s in two model microal-
gae, Coccomyxa sp. C-169 and Chlorella sp. NC64A. P450 
analysis revealed the presence of 27 novel P450 families 
in these organisms. The polar free-living Coccomyxa sp. 
and CYP904-CYP908. Comparative analysis of P450s 
between two algal species revealed the presence of five 
common P450 families (CYP51, CYP97, CYP710, CYP745, 
and CYP746). Sixteen (CYP772, CYP852-863, CYP904, 
CYP905, and CYP908) and 11 (CYP55, CYP747, CYP845-
CYP851, CYP906, and CYP907) P450 families were unique 
to respectively Coccomyxa sp. and Chlorella sp. Future 
genome sequencing of a larger number of algae species 
may provide insight into whether the unique P450 fami-
lies result from the characteristic lifestyle, i.e., free-living 
vs symbiotic. Among 31 P450 families, CYP906 showed 
the highest number of P450s (7), followed by CYP97 (6 
P450s) and CYP845 (5 P450s), and the CYP853-CYP855 
and CYP857 P450 families showed four P450 members 
(Table 1). 
It is well known that species enrich P450s in their ge-
nome by duplication and the P450 families that contain 
more member P450s are termed “P450 blooms” (Feyerei-
sen 2011). P450 blooms were observed in animals, espe-
cially in arthropods, mainly insects (Feyereisen 2011), 
fungi (Syed et al. 2013, 2014), and oomycetes (Sello et al. 
2015) where certain P450 families bloomed because of 
the organisms’ need. Considering the lowest number of 
P450s and large number of P450 families, it is reasonable 
to expect no P450 blooming in the two model algal spe-
cies. Interestingly, a few members of P450 families were 
found to be duplicated in both algal species (Supplemen-
tary Table S1). In Chlorella sp. P450s belonging to the 
CYP845 family, i.e., CYP845A1 and CYP845A2, and CY-
P845A3a and CYP845A3b, are located on the same scaf-
folds, 7 and 10 (Supplementary Table S1). In Coccomyxa 
sp. P450s belonging to the P450 families CYP852, CYP855, 
CYP857, and CYP858 are located on scaffolds 20, 5, 7 and 
2 (Supplementary Table S1). Localization of member 
P450s of the same family / subfamily on the same scaffold 
in such close proximity clearly indicates the duplication 
process. In summary, four and eight P450 duplications 
were observed in Chlorella sp. and Coccomyxa sp. Intron-
exon analysis revealed that the intron range varied from 
5-15 (Chlorella sp. P450s) and 5-30 (Coccomyxa sp. P450s) 
(Supplementary Table S1). 
To date functional analysis of P450s from algal species 
has not reported. Hence, all algal P450s were considered 
orphans in terms of their function. However, based on 
homolog functions, P450s’ role in algal physiology can be 
predicted. CYP51 P450 that is conserved across the bio-
logical kingdoms is involved in the synthesis of membrane 
sterols (Lepesheva and Waterman 2004). The CYP97 fam-
ily known as carotenoid hydroxylase is involved in carot-
enoid biosynthesis (Quinlan et al. 2012, Cui et al. 2013). 
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showed the highest number of P450s in its genome com-
pared to the symbiotic Chlorella sp. Both species showed 
the highest P450 diversity by having 16 (Coccomyxa sp.) 
and 11 (Chlorella sp.) unique P450 families in their ge-
nomes. P450 duplications were also observed in these 
species. Based on homolog functional data, we conclude 
that algal P450s play a key role in their physiology, includ-
ing in the synthesis of membrane ergosterols (CYP51 and 
CYP710), synthesis of carotenoids (CYP97) and nitric ox-
ide reduction (CYP55). The rest of the P450s in algal spe-
cies remain orphan. This study is the beginning of our un-
derstanding of microalgae P450s and provides a platform 
for future studies, including comparative P450 analysis, 
functional characterization and P450s’ role, if any, in free-
living and symbiotic lifestyle in microalgae.  
ELECTRONIC SUPPLEMENTARY MATERIAL
Supplementary materials are available at http://e-algae.kr.
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